Kinetics of bicarbonate transport in human red blood cell membranes at body temperature by unknown
Kinetics of Bicarbonate Transport in Human Red Blood Cell 
Membranes at Body Temperature 
PEDER K. GASBJERG,* PHILIP A. KNAUF, -t andJESPER BRAHM* 
From the *Department of Medical Physiology,  The Panum Institute, University of Copenhagen, DK-2200 Copenhagen N, Denmark; 
and :Department of Biophysics, University  of Rochester Medical Center, Rochester, New York 14642 
ABSTRACT  We studied unidirectional  [14C]HCO.s  effiux from human resealed red cell ghosts with 1 mM acet- 
azolamide under self-exchange conditions at pH =  pH (i-°) 7.4-9.0 and 0-38°C by means of the MiUipore-Swinnex 
and continuous flow tube filtering techniques.  14CO2 loss from cells  to efflux medium and further to the atmo- 
sphere was insignificant.  [14C]HCO3 efflux was determined  at pH 7.8,  38°C under symmetric variation of the 
HCOs concentrations  (C(i-°)),  and asymmetric conditions: C (i) varied,  C (°~ constant, or C (°) varied,  C (i) constant. 
MM-fit, flf  =  f2,x"  C"  ( C  +  Kl/2)-l,  used to describe the concentration dependence of fg ° when only C (°) varied, 
yields at C  i) =  50 mM: K•'/2  =  3.8 mMJ, f,~o  =  20 nmol cm  -2 s  1; at C o) =  165 mM: KT/2 =  10 raM, f  ll;g =  32 nmol 
cm  -2 s-1. When C (i) varied, noncompetitive self inhibition by HCO3 binding (inhibitor constant KI)  to an intracel- 
lular site was included  (MS-fit).  Under conditions of (a)  symmetry: C (i-°) =  9-600 mM, K~/2  =  173 mM, K I =  172 
raM, and f~},~ =  120 nmol cm  -2 s  -1,  (b)  asymmetry: C  (') =  50 raM, K//: =  116 mM, KI =  136 mM, and J~,/=  92 
nmol cm  -2 s  -l. All flux parameters accord with the ping-pong model for anion exchange. The data for C (i) <  200 
mM also fit well to the MM equation, but KI/2 and ]~!i~ are different from the MS-fit and are inconsistent with the 
ping-pong model. Thus, self-inhibition (MS-fit) must be included even at low concentrations. As at 0°C, the system 
is asymmetric: 8-10 times more unloaded transport sites face inward than outward when C (i=°). flf,, was not mono- 
exponentially dependent on temperature at 0-38°C, indicating that the transmembrane anion transport is con- 
trolled by several rate constants with different temperature dependencies.f//I~ was not significantly affected by in- 
creasing pH (i=°~ from 7.4 to 7.8, but it decreased by 50% when pH was raised to 9.0. 
KEY  WORDS:  band 3 • anion exchange • asymmetry • red cell ghosts • ping-pong model 
INTRODUCTION 
Red blood cells play an important role in transport of 
metabolic  gases  in  the  human  body.  One  important 
step  in  the  removal  of carbon  dioxide  from  oxygen- 
consuming tissues to the lungs is the exchange of bicar- 
bonate for chloride across the erythrocyte membrane, 
referred to as the "Hamburger Shift," that involves the 
transmembrane  protein,  called  band  3  based  on  its 
electrophoretic characteristics  (Fairbanks et al.,  1971); 
capnophorin,  i.e.,  "smoke  carrier"  (Wieth  and  Bjer- 
rum, 1983) based on the physiological role of the trans- 
port protein in  the  removal of CO  2,  the  "smoke" that 
results from metabolism; or AE1 to emphasize its mem- 
bership  in  a  genetically  related  family  of  anion  ex- 
changers (Kopito, 1990). 
Though  the  detailed  molecular basis  for  the  Ham- 
burger Shift is unknown, a high level of understanding 
of anion  transport kinetics has been  attained  through 
studies  with  radioactive  tracers.  Most studies  measure 
chloride  self  exchange,  predominantly  at  0°C  where 
simple  filtration  methods  can  be  used  (e.g.,  Dalmark 
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and Wieth, 1972; Gunn et al., 1973; Funder and Wieth, 
1976; Gunn and Fr6hlich, 1979; Hautmann and Schnell, 
1985; Gasbjerg and Brahm, 1991; Bjerrum, 1992; for re- 
views see Knauf, 1986; and Passow, 1986). By exploiting 
the  high  time  resolution  of the  continuous flow tube 
technique,  Brahm  (1977)  extended  the  temperature 
range for studies of chloride transport up to body tem- 
perature. By comparing chloride exchange flux at body 
temperature with the flux determined as net current of 
anions  (Hunter,  1977)  it became clear that anion ex- 
change is a  highly electroneutral process and that net 
transport  of  anions,  possibly  performed  by  capno- 
phorin,  is about five orders of magnitude slower than 
the exchange transport. 
On the basis of studies of chloride transport mainly 
at 0°C, the "ping-pong model" for anion exchange was 
proposed  (Gunn  and  Fr6hlich,  1979;  Fr6hlich  and 
Gunn,  1986). According to this model, a transport site 
in the protein, unloaded or loaded with an anion, may 
either face the  internal  or the external  compartment. 
Anion transport is achieved by a conformational change 
in the loaded form of the protein, resulting in translo- 
cation of the substrate.  Translocation of the unloaded 
form of the transport site, which represents a potential 
pathway for conductive anion transport  (see Fr6hlich, 
1984),  is  negligible  compared  to  the  translocation  of 
the loaded forms, and is therefore not included in the 
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with  most  experimental  results  obtained  in  tracer  ex- 
periments  using monovalent  anions at 0°C. However, at 
high intracellular anion concentrations  the model needs 
modification  because  experimental  data  indicate  that 
anion  binding  to  an  internally  located  allosteric  site 
prevents  anion  translocation  (Dalmark,  1976;  Wieth, 
1979;  I~lauf  and  Mann,  1986;  Gasbjerg  and  Brahm, 
1991). 
Studies of bicarbonate  self-exchange were initiated in 
the  late  seventies  by  Wieth  (1979),  who  showed  that 
unidirectional  effiux of radioactively labeled bicarbon- 
ate  could  be  studied  at  alkaline  pH  (pH  8.7)  at  0°C 
without significant errors caused by effiux or loss to the 
atmosphere  of 14CO2.  Subsequent  studies,  still  at  alka- 
line  pH,  were  done  at  body  temperature  in  order  to 
characterize  physiological aspects  of bicarbonate  trans- 
port  in  human  red  blood  cells  (Wieth  and  Brahm, 
1980; Wieth et al., 1982).  Recently Gasbjerg and Brahm 
(1991)  showed  that  bicarbonate  tracer  experiments 
can be carried out at more  physiological pH values and 
that  the  ping-pong  model  adequately  describes  bicar- 
bonate  transport  at 0°C, pH  7.8. 
Here  we  present  data  showing  that  it  is  possible  to 
study the exchange  of bicarbonate  at 0-38°C and  near 
physiological  pH  (pH  7.8).  Using  these  methods,  we 
have asked  if either  the  simple  or modified  ping-pong 
model  is adequate  to describe HCO.~ exchange  at body 
temperature,  and  have  used  HCO~  exchange  to  mea- 
sure  the asymmetry  of the  system  at physiological  tem- 
perature.  We have also  examined  the  pH  dependence 
of HCO.~ exchange  at 38°C,  as well as the  temperature 
dependence  over the range from 0  to 38°C. 
MATERIALS  AND  METHODS 
Media 
All media were made from reagent grade chemicals. Bicarbonate 
containing media were made shortly before the experiments and 
were stored at ~4°C until use in capped bottles with very small air 
volumes above the solution surface. When used for efflux experi- 
ments  at higher  temperature,  the  media were  heated,  and  pH 
was adjusted by adding 1 N H3PO 4 or KOH a few minutes before 
the experiments. The flux media had the following composition 
(mM):  1-600  KHCO3,  1 acetazolamide.  Sucrose was  used as an 
osmotic substituent under conditions with asymmetric anion dis- 
tribution, and as an osmotic additive when the intracellular bicar- 
bonate  <100  mM with the purpose  of adjusting mean  cell vol- 
umes as close as possible to 90 fl 4,4'-diisothiocyanostilbene-2,2'- 
disulfonic acid (DIDS) prepared as the sodium salt (Gasbjerg et 
al., 1993)  was used to make a 10 mM stock solution in water and 
was stored frozen until  use.  Osmolarity of all efflux media was 
checked  by using a  Roebling Micro  Osmometer  (Messtechnik, 
Berlin, Germany). 
The  physical  chemistry  of bicarbonate  solutions  at  0°C  has 
been  described  previously  (Wieth,  1979;  Gasbjerg  and  Brahm, 
1991). Following the strategy applied previously for media at 0°C 
(Gasbjerg and Brahm,  1991)  and using data from the literature 
(Harned and Scholes, 1941;  Harned and Bonner,  1945)  at 38°C 
we obtained a pK value of 6.1  for the CO2  \  ~ HCO~ equilib- 
rium,  and  a  pK value of 9.8 for the HCO~  \  ~ CO  2  equilib- 
rium. At pH 7.8,  38°C, a  nominal  165  mM bicarbonate solution 
contains about 2% CO2 and  1% CO  2-. In the following we have 
used the nominal HCO~ concentration. 
Preparation  of Cells 
Resealed human  red cell ghosts were used for all effiux experi- 
ments. The preparation of the cells, the loading with [14C]HC03 
(Amersham  Corp.,  Buckinghamshire,  UK), and  the determina- 
tion of radioactivity, intracellular bicarbonate concentration, and 
cell water volume were carried out as described by Gasbjerg and 
Brahm (1991). 
Efflux Experiments,  Calculation  of Unidirectional  Efflux 
The Millipore-Swinnex filtering technique  (Dalmark and Wieth, 
1972)  and  the  Continuous  Flow Tube  Method  (Brahm,  1977; 
1989)  were  used  for  determination  of  the  rate  constants  for 
[14C]HCO3  efflux.  At  all  temperatures  [14C]HCO3  efflux  fol- 
lowed a  monoexponential  time course for solute  transport  in a 
closed two-compartment system, and the rate constant, k (s -~) was 
determined by linear regression analysis. Under asymmetric con- 
ditions with  C") high and  C (°~ very low (<10  mM),  the "equilib- 
rium" sample  that is  needed  for the  calculation of k was  taken 
when the tracer had reached nearly the same distribution as unla- 
beled HCOg, and before a significant net flow of HCO:~ had taken 
place  (for details of this procedure and the calculation of k, see 
Gasbjerg and Brahm,  1991).  k is related to TI/2, the half time for 
isotopic  equilibrium,  P,,t,/, (cm  s-~),  the apparent  permeability, l 
andJ#J (mol cm -') s  1), the unidirectional bicarbonate efflux by: 
=  -  _  c(i)  fff  k.  V c. A c  l . c(i)  =ln2.Tl/2  i.Vc  . Ac  i . 
=  p  . C u),  (1) 
app 
where  V~ • A~  1 is  the ratio of the cell water volume to the cell 
membrane area.  V,. was determined in each experiment, whereas 
A~ was assumed  to be constant,  1.42  X  10 -6 cm  z cell-L (For de- 
tails, see Gasbjerg and Brahm,  1991). 
The  resealed  red  cell ghosts  behave  as  perfect  osmometers 
(any relative change in the osmolality of the medium is followed 
by an inverse change in cell volume). Hence, if the osmolarity of 
the flux medium was different from the wash medium, the intra- 
cellular concentration was corrected according to the difference 
in osmolarity. This correction was made in order to assign the cal- 
culated flux  (cf. Eq.  1)  to the actual intracellular concentration 
(the  flux value  needs  no  correction,  because  the  intracellnlar 
amount of bicarbonate,  C ~  • V~, is not changed).  In cases where 
C ~°~ was very low, the rate constant was corrected for the effect of 
intracellular  and  extracellular  compartment  sizes  as  described 
previously (Gasbjerg and Brahm, 1991). 
I  Abbreviations  used in this paper: C m, intracellular bicarbonate concen- 
tration; C% extracellular bicarbonate concentration; C  ~i "), bicarbon- 
ate concentration when internal bicarbonate  equals external bicar- 
bonate;  f,~;~, maximum  unidirectional  effiux  (symmetric  condi- 
tions);J4f',  actual unidirectional efflux (symmetric conditions); Kb2, 
overall half-saturation constant  (symmetric conditions); KI, self-inhi- 
bition dissociation constant (symmetric conditions); J~,~i[', maximnm 
unidirectional efflux (asymmetric conditions where C("~ varies); J'Jf', 
actual  unidirectional  effiux  (asymmetric  conditions where  C ~" var- 
ies);  K~/2, outside  half-saturation  constant  (asymmetric  conditions 
where  C ~°1 varies); K//~, inside half-saturation  constant  (asymmetric 
conditions where C  (n varies). 
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All curve fittings except for straight lines were done by using the 
Enzfitter computer program (Elsevier Biosoft) using a nonlinear 
least-squares  regression analysis with simple weighting. All data 
obtained by curve fitting are presented with the standard error 
calculated by the program. 
RESULTS 
Control Experiments 
To study the stability of the  bicarbonate  media and to 
investigate  if loss  of radioactivity in  any of the  experi- 
mental  steps  may  affect  determination  of  unidirec- 
tional  bicarbonate  efflux, we performed  the  following 
experiment which  mimics all steps in  the standard ex- 
perimental procedure, except that the volume of packed 
resealed red cell ghosts normally used for efflux experi- 
ments was replaced with a volume of radioactive bicar- 
bonate  buffer.  At each  step  radioactive  samples  were 
taken and counted in a cooled (5°C) scintillation counter. 
Test of bicarbonate media stability.  Radioactive bicarbon- 
ate  was  added  to  1  liter  of  double-distilled  water  at 
room  temperature.  KHCO3  was  added  to  a  final  con- 
centration of 165 mM and was stirred with a magnet for 
5  rain.  The  solution  was  heated  to  38°C  in  a  totally 
filled capped bottle and titrated from the spontaneous 
pH of 8.2 to 7.8 with H3PO 4. There was no loss of radio- 
activity during the different steps. 
Test for loss of radioactivity to the atmosphere during efflux 
experiments, pipetting and scintillation counting.  (a)  Milli- 
pore-Swinnex  filtration  method:  40  ml  of  [14C]HCO.~ 
medium was poured into the flux chamber and stirred 
with a magnet during the experiment. Six filtered sam- 
ples  of ~1  ml were  obtained  within  30  s.  We  assured 
that no air was left in the syringes used to obtain the fil- 
tered samples before they were sealed with a rubber cap. 
(b)  Continuous  flow  tube  method:  [14C]HCO.3  me- 
dium  stored  in  a  syringe was  mixed with  non-radioac- 
tive medium in  the flow tube mixing chamber, and six 
filtered  samples  and  one  total  sample  ("equilibrium 
sample")  were  obtained.  From  each  of these  samples 
200 txl was pipetted into scintillation fluid either 2 or 10 
rain after filtration. The pipetted samples were counted 
three times: within  1 h  after pipetting,  and after being 
stored 24 and 48 h  in the scintillation counter. 
No  loss  of radioactivity  was  detected  during  any  of 
these experimental procedures. 
Amount of14C02 efflux at 38°C, pH 7.8.  Radioactive car- 
bon, ~4C, may leave the cell in the form of either 14C02, 
[t4C]H2C03,  [l~lC]HCO3 or  14C0 2-. Fig. 1 shows two ex- 
periments,  carried  out  under  symmetric  conditions 
with  C (i) =  C (~) =  165  mM, which demonstrate  that ef- 
flux  of carbon  dioxide  can  be  ignored  in  the  calcula- 
tion  of unidirectional  bicarbonate  flux  even  at  38°C. 
The  experiments were carried out at pH  7.8,  38°C us- 
ing resealed red cell ghosts that,  as in all experiments 
in  this  study,  were  resealed  in  a  medium  containing 
I  mM acetazolamide, which effectively inhibits carbonic 
anhydrase  activity.  The  graph  depicts  the  fraction  of 
tracer that is left in the intracellular compartment as a 
function  of time.  The  results  depicted  by  circles  (see 
also inset)  were obtained by using the continuous flow 
tube method, and demonstrate that ~4C efflux follows a 
monoexponential  time  course.  The  rate  constant  for 
bicarbonate  efflux under  control  conditions  is  2.5  s -] 
and the half time  (7"]/2 =  In2 k  -1) is 280 ms. The upper 
plot  (diam0nds)  was obtained by the Millipore-Swinnex 
filtration  method  and  shows  unidirectional  ~4C  effiux 
after combined irreversible and reversible  (50 ixM)  DIDS 
inhibition  (see Gasbjerg et al., 1993). Under these condi- 
tions,  the  rate constant is reduced  to 0.019  s -1  (7"1/2 -- 
37 s), i.e.,  the effiux is inhibited by 99.2%.  From these 
results  we  conclude  that  the  contribution  from  14CO2 
and  [14C]H2CO3  is  <  1%  of the total  14C-efflux and can 
be ignored. 
Effects of pH on 14C02 efflux at 38°C.  To  determine  the 
"background"  of nonbicarbonate  tracer  effiux  in  the 
pH-range 7.4-9.0 where we characterize the pH depen- 
dence  of bicarbonate  transport,  we performed experi- 
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FIGURE  1.  Inhibition  of unidirectional  14C bicarbonate  effiux at 
38°C, pH 7.8 with the specific anion transport inhibitor DIDS. The 
plots show the fraction of tracer in the intracellular compartment 
as a function  of time  (t, s), calculated by subtracting from 1 the ra- 
tio of a~, the radioactivity in a  sample of the extracellular medium 
at time  t,  to a=, the radioactivity in an equilibrium  sample; for de- 
tails,  see  Gasbjerg  and  Brahm  (t991).  Resealed  human  red  cell 
ghosts were used with  Ca) =  C(oJ =  165 mM KHCO3; carbonic an- 
hydrase activity was inhibited  by addition  of 1 mM acetazolamide 
to cells and media. The control data with no inhibitor present  (cir- 
cles) were obtained by using the continuous flow tube method;  the 
inset shows the same data plotted with an expanded time axis. The 
rate constant is 2.5 s -1 and the half time  (Tj/2  =  ln2 k  -1) is 280 ms. 
The data after combined irreversible and reversible  (50 IxM)  inhi- 
bition  with  DIDS  (diamonds)  were  obtained  with  the  Millipore- 
Swinnex  filtration  method.  The  rate  constant  for  tracer  effiux  is 
0.019 s -1  (TL/,  ., =  37 s). 
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trated to the pH values concerned, and plotted the rate 
constants as a function of pH as shown in Fig. 2. The in- 
hibition obtained after irreversible DIDS binding to the 
transporter  (triangles)  was further increased by adding 
DIDS to the  efflux medium,  either 50  ~M  (diamonds) 
or  200  ~M  (squares),  as  indicated  by the  smaller rate 
constants at the different pH values. The solid curve is 
the expected rate constant of spontaneous bicarbonate 
dehydration  as  determined  from  data  obtained  from 
the literature  (Magid and Turbeck, 1968; Magid,  1970). 
At pH 7.8, 38°C the calculated rate constant for conver- 
sion of HCO.~ to COz is ~0.004  s -1,  i.e.  Tw2 ~3  min. 
The tracer effiux rate constant for DIDS-inhibited cells 
was higher, ~0.02 s  1, still far below that for the unin- 
hibited bicarbonate self exchange of ~2.5 s-L 
Donor variation.  We determined unidirectional bicar- 
bonate  efflux under  control  conditions  ( C ~)  =  C ~°) = 
165 mM KHCO3) for 6 donors  (A through F). Two do- 
nors  (C  and  E)  had  a  slightly,  but  statistically signifi- 
cantly  lower  effiux  rate  (~10%  lower,  t  test:  P  = 
0.0002)  than  the  other  four  donors  who  had  almost 
identical efflux rates. Only blood cells from A, B and C 
were used in the following experiments. In cases where 
data  obtained  with  C  as  donor  were  combined  with 
data obtained with blood cells from the other two do- 
nors,  the flux values obtained with  C  as a  donor were 
multiplied by 1.11. 
Temperature Dependence of Unidirectional Bicarbonate Efflux 
We determined the temperature dependence of unidi- 
rectional  bicarbonate  effiux at  C (~)  =  C (°~  =  165  mM 
KHCO~ in the temperature range 0-38°C at pH 7.8. In 
the  temperature  range  0-15°C we used  the  Millipore- 
Swinnex filtering method, and at 15-38°C the continu- 
ous  flow  tube  method  was  applied.  At  15°C  we  used 
both methods and obtained the same flux value. This 
result demonstrates  that both  techniques,  even at the 
limit of their performance, are well suited for determi- 
nation  of unidirectional  bicarbonate efflux in isolated 
cells, in accordance with previous results obtained with 
rapidly transported  halides  (Brahm,  1977;  Wieth  and 
Brahm, 1985). 
Fig. 3 depicts an Arrhenius plot of the natural loga- 
rithm of the unidirectional  anion efflux vs. the recip- 
rocal  absolute  temperature.  If one  activation  energy 
dominates,  a  linear  relationship  is  expected  in  this 
type of plot, and  the  numerical value of the  slope of 
the  line  equals  the  Arrhenius  activation  energy  for 
the  process.  Fig.  3  shows,  however,  a  nonlinear  de- 
pendence for unidirectional bicarbonate efflux, indi- 
cating  complicated  transport  kinetics  (see  DISCUS- 
SION).  The  flux  at  38°C  is  about  four  times  smaller 
than  predicted from linear extrapolation  of the  data 
at 0-10°C. 
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FIGURE 2.  pH dependence of residual 14C efflux after irreversible 
and  reversible  inhibition  with  DIDS.  M1  experiments were  per- 
formed using ghosts with C (i) =  C(") =  165 mM KHCO:~.  The plot 
shows the measured rate constant for 14C efflux as a function of pH 
at 38°C. The triangles show the rate constants obtained for ghosts 
with DIDS irreversibly bound to the cell membrane. Addition of ei- 
ther 50 (diamonds)  or 200 ~M (squares) DIDS to the efflux medium 
further decreased the rate constants. Bars indicate standard errors, 
if larger than the size of the points. The solid curve shows the cal- 
culated  rate  of spontaneous bicarbonate  dehydration  at 38°C in 
the pH range 7-9, based on data from Magid and Turbeck (1968) 
and Magid (1970). 
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FIGURE 3.  Arrhenius plot of lnJ~ (nInol cm -2 s  1) against the re- 
ciprocal absolute temperature at 0-38°C for bicarbonate  (solid tri- 
angles)  and  chloride  (open  symbols)  transport in  resealed red cell 
ghosts. Bicarbonate data were obtained with C ¢~ =  C ~"~ =  165 mM 
KHCO:~ and pH  =  7.8. The chloride data are from Brahm  (1977, 
open triangles,  pH 7.2), Gasbjerg and Brahm (1991, square, pH 7.8), 
and Knauf et al. (1996, circle, pH 7.8). Fluxes were measured by the 
Millipore-Swinnex filtering method  (inverted triangles and  square), 
or by the continuous flow tube method (circle and up~ght triangles). 
For discussion, see text. Unidirectional Bicarbonate Efflux  as a Function 
of pH (o)  =  pH(i) 
Fig.  4  shows  the  unidirectional  bicarbonate  effiux  in 
the  pH  range  7.4-9.0  under  conditions with  identical 
external and internal pH. With increasing pH the frac- 
tion of carbonate in the cells and in the effiux medium 
gradually increases. At pH  =  9.0 the ratio of carbonate 
to  bicarbonate  is  ~0.16.  Carbonate  may  be  translo- 
cated at a  slow rate like sulfate  (see Passow,  1986).  Be- 
cause  intracellular CO 2  and  HCO.~ are in  rapid  equi- 
librium, however, they can be regarded as a single com- 
partment in terms of isotope exchange, equal in size to 
the sum of the amounts of CO 2- and HCOg. Since this 
is the same as the nominal amount of HCO.~, use of Eq. 
1 with the nominal HCO.~ concentration gives an accu- 
rate value for the unidirectional HCO.~ effiux. 
External,  Internal,  and  Overall Apparent  Affinity 
for Bicarbonate 
By fitting Michaelis-Menten like equations to the exper- 
imental data  at 38°C,  pH  7.8,  we determined  K~/2 and 
f~  under  three fundamentally different conditions as 
shown in Fig. 5, A-D. 
C (i)  is  constant,  C (°)  varies  (external  apparent  affinity). 
Figs. 5, A and B show the results obtained under asym- 
metric conditions with Co)  =  50 mM (Fig. 5 A) or C(#  = 
165  mM  (Fig. 5  B)  while  C (°)  =  2-50 mM  (Fig. 5  A)  or 
C (°)  =  2-245 mM  (Fig. 5  B). In the experiments shown 
in Fig. 5  A, sucrose was added to the intracellular com- 
partment during the ghost cell resealing period to ad- 
just cell volume and to the extracellular medium  in all 
experiments to balance internal and external osmolari- 
ties. A  simple Michaelis-Menten like function  (MM-fit: 
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FIGURE 5.  Concentration  dependence  of unidirectional  bicar- 
bonate effiux at 38°C, pH 7.8. All results  were obtained with  re- 
sealed red cell ghosts using the continuous flow tube method. Bars 
indicate standard errors if larger than the points.  (A-B)  C (°) is var- 
ied. The flux parameters given in the text were obtained by using 
the Enzfitter computer program and the Michaelis  Menten equa- 
tion (MM-fit: J4f =  fl~x.  C " ( C +  Ki/~) -1)  (A)  C ~i) =  50 mM, and 
C  (°~ varied from 2 to 50 raM. Sucrose was added to ghosts to adjust 
volume and to media to balance internal and external osmolari- 
ties. (B) C (i) =  165 mM, and C(°)varied from 2 to 245 mM. Sucrose 
was added  to ghosts  if C (°)  >  165  mM KHCO~ and  to media if 
C (°) <  165 mM KHCO3. (C) C(i)varied from 8 to 666 mM, C (') = 50 
mM. A modified Michaelis Menten like equation  (MS-fit: J~ = 
f,f~x • C [(C +  Ki/,2)  • (1  +  C (i) Kl-1)] -1) was used to obtain the 
flux parameters given in the text.  Sucrose was added to ghosts  if 
C  (~ <  100  mM KHCO:~ and  to media to adjust  cell volume. (D) 
C (i) =  C (°) varied from 9 to 600 raM. MS-fit was used to obtain the 
flux parameters. Sucrose  was added to ghosts  and media if C (i~ = 
C (°) <  100 mM KHCO  3. 
Jeff ~_  J effax  .  C  •  (C  +  KI/2) -1)  fitted  well  to  the  experi- 
mental  data  and  yielded  Kf/2  =  3.8  -+  0.6  mM,  and 
f~o =  20.0 -+ 0.5 nmol cm -2 s  1. In Fig. 5 B sucrose was 
added to the flux medium in experiments where C  TM < 
C  "u)  =  165 raM,  and to the intracellular medium  in ex- 
periments with  C  x°)  >  165  mM. The MM-equation also 
fitted  well  to  the  experimental  data  and  gave  K~2  = 
10  +  1 mM and  f~o =  32.0  +  0.5 nmol cm -2 s -1. 
C (°)  is  constant,  C (#  varies  (internal  apparent  affinity). 
Fig.  5  C shows  the  results  obtained  under  asymmetric 
conditions with  C (i) =  8-666 mM, and C  ~°)  =  50 mM. As 
a  stabilizing step in  the  ghost preparation  sucrose was 
added to the ghosts when  C (i) <  100 mM, and to main- 
tain  osmotic equilibrium sucrose was  added  to  the  ef- 
flux medium in all experiments. As the MM-fit does not 
suffice to describe the experimental results in the whole 
concentration range, the effect of bicarbonate binding 
to  an  intracellular  noncompetitive self inhibition  site 
was included in the MS-fit 0r~ =  f~ax  " C  • [(C +  K1/2)  " 
(1  +  C (i~ KI-~)]-I). A  MS-fit gave  1(//2  =  116.4  +  21.6 
mM,  f~  =  92.4  _+  15.7  nmol  cm -~  s -1,  and  K l  = 
139.1  +_  24.0 mM. 
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determined by the Enzfitter program strongly depend 
on the initial guesses of the transport parameters. We 
here present the parameters that gave the best fit to the 
experimental data (i.e., the residual sum of squares was 
the smallest), but in this case notably different parame- 
ters that describe the experimental data almost as well 
could be obtained by changing the  initial guesses for 
the  parameters.  2 If intracellular self inhibition was  ig- 
nored, the use of the MM-fit gave a good fit in a limited 
range (C(# <  200 mM) with K~2  =  13.4 +  2.1 mM and 
9~m~  / =  25.4 +  0.9 nmo1 cm  -2 s -1. 
C ~°) =  C(# varies (overall apparent affinity).  Fig. 5 D shows 
the results under conditions with symmetrical variation 
of  the  bicarbonate concentration in  cells  and  effiux 
media (CO# =  C (°) =  9-600 mM). Since C (/) varied in this 
series and because inhibition is apparent at high con- 
centrations, we chose the MS-fit to describe the experi- 
mental data. The flux parameters obtained for the sym- 
metric condition are: K~)2 =  173 +  46 mM, KI =  172 -+ 
44 mM, and ~=  122  -+ 32 nmol cm -2 s  1. Using the 
MM-fit for  C (i)  =  C  ~°)  <  200  mM, we  obtained K~2  = 
46.2 +  4.3 mM, and 9~  =  39.2 -+ 1.1  nmol cm  2 s-1. 
As  discussed  in  the  following paper  (Knauf et  al., 
1996), variations in ionic strength in the symmetric ex- 
periments or  changes  in  membrane  potential in  the 
asymmetric series may have unexpected effects on the 
2The experimental results (summarized in Table I) appear to be in 
accordance with the modified ping-pong model. However, the trans- 
port parameters were influenced by the initial guesses supplied to the 
Enzfitter program which of course is a potential source of error. The 
dependency on initial guesses is likely due to the fact that 1(1/2 and/(1 
do not differ much at 38°C. On the other hand this lessens a symme- 
try problem that is encountered by the use of the MS-fit to determine 
the kinetic parameters. This symmetry problem is often ignored, but 
is substantial at 0°C for both chloride and bicarbonate transport (see 
Gasbjerg and Brahm, 1991). The problem becomes evident by rear- 
ranging the MS-equation: 
jeff  =  J~.~ff  " KI " c(i) 
(KI/2 + C  (i))  .  (K  I + C  (i))  " 
system.  Thus,  the  reported  parameters  should  be  re- 
garded as "apparent" ones that strictly pertain only to 
the particular experimental conditions used here. 
Asymmetry  of bicarbonate  transport  at 38°C  and pH  7.8. 
The  asymmetry factor  (Knauf et al.,  1984)  designates 
the ratio of unloaded outward-facing transport sites to 
unloaded  inward-facing  transport  sites  under  condi- 
tions with  equal  intracellular and  extracellular anion 
concentrations. By combining the half saturation con- 
stants obtained from the symmetric and one asymmet- 
ric series,  the  asymmetry factor for bicarbonate trans- 
port,  A,  can  be  calculated  according  to  Knauf and 
Brahm (1989): 
l/ s  / 
=  //2 
A  t  C (i)  + 1  K °1/2 -  1  .  (2) 
In fact any combination of two half saturation constants 
can be used to determine the asymmetry factor, but the 
combination in Eq.  2  is probably least affected  by ex- 
perimental variation. According to the ping-pong model, 
the asymmetry factor is independent of which monova- 
lent transported anion is used because it is determined 
by the  change in molar Gibbs free  energy  (AGm  °)  for 
the  transition  between  the  anion-free  forms  of  the 
transport proteins: 
AGm °  =  -R"  T" In (A).  (3) 
By combining/(1% =  10 mM from Fig. 5  B and K1}2 = 
173  mM  from  Fig.  5  D  we  obtained A  =  0.13.  Using 
K1% =  3.8 mM from Fig. 5 A and K~}2 =  173 mM from 
Fig. 5 D yields A =  0.10. Straight-line fits to the flux ver- 
sus  concentration data  at  low  concentrations, as  de- 
scribed in the following paper (Knauf et al., 1996), give 
almost the same values for A  (A =  0.10-0.11). Hence, 
our data  strongly indicate that  8-10  times more  sites 
face  inward than outward when  the  bicarbonate con- 
centrations  on  the  two  sides  of  the  membrane  are 
equal. The free energy difference between the two un- 
loaded forms (Eq. 3) is 5.3-6 kJ mol  -l. 
DISCUSSION 
The equation shows that two sets of solutions (=estimated  parame- 
ters) can be obtained by swapping the estimated values of K1/2 and/(1 
if J~ix is adjusted accordingly. For the symmetric series at 38°C the 
two solutions are essentially identical because 1(1/2 and K~ have very 
similar values, and J,~x thus assumes essentially the same value in the 
two solutions. For the asymmetric series where only C~0 is varied two 
sets of parameters were also obtained that from a mathematical point 
of view are indistinguishable. To some extent,  this ambiguity is re- 
solved by 35C1 NMR measurements, which give a dissociation constant 
for binding to the transport site at 0-3°C of <100 mM (Falke et al., 
1984; Glibowicka  et al., 1988), indicating that the transport site has a 
lower dissociation constant than does the modifier inhibitoi  T site. We 
chose one set of parameters (K]/2 = 116.4 mM, K1 = 139.1 raM, J~x  = 
92.4 nmol cm  2  s  1) because this set fits with the prediction based on 
the experimental values  for the symmetric  series and KY/2 (cf. Table I). 
Control Experiments 
The permeability calculated from the irreversible-DIDS- 
inhibited bicarbonate efflux  (Fig.  2)  is  1.7  ×  10 -6 cm 
s -1 at pH 7.8, almost twice as high as the permeability 
for irreversible DIDS-inhibited chloride effiux from in- 
tact red blood cells (P =  1.0 ×  10 -6 cm s -1, Gasbjerg et 
al.,  1993). When DIDS-treated resealed red cell ghosts 
(irreversible inhibition) were suspended in media with 
up to  200  ~zM DIDS  (reversible inhibition, cf.  Fig.  2), 
the  apparent permeability was  reduced to  1.2  ×  10 -6 
cm s  1. Similar experiments with intact red blood cells 
(Gasbjerg et al., 1993)  show that chloride permeability 
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DIDS, i.e., to a level as low as in lipid bilayers. This low 
anion permeability could not be reached for bicarbon- 
ate, in the first place because the inescapable spontane- 
ous  dehydration equals  an  apparent bicarbonate  per- 
meability of 2.4 ×  10 -7 cm  s -1  (pH 7.8); and secondly, 
because  there  is  an  additional  contribution  that  in- 
creased the permeability fivefold to 1.2  ×  10 -6 cm  s -1. 
We do not know why bicarbonate permeability after 
maximum  (irreversible  +  reversible)  DIDS inhibition 
did not reach the level expected for spontaneous dehy- 
dration.  Similar inhibition  experiments  demonstrated 
that the rate constant for chloride transport in resealed 
red cell ghosts was over a  hundred times smaller than 
the measured rate for maximally inhibited bicarbonate 
efflux at pH 7.8 (data not shown). Hence, additional ef- 
flux due  to leaks in the ghost membrane is not likely. 
One  possibility is  that  some  residual  catalytic  activity, 
due  to carbonic anhydrase or some other catalyst,  re- 
mains  in  the  ghosts.  Another possibility is  that  14C  is 
translocated across the membrane as  [14C]H2CO3. Both 
the catalytic activity of carbonic anhydrase  (see Magid, 
1970)  and the protonation of [14C]HCO.~ decrease sig- 
nificantly with increasing pH, but Fig. 2 shows no such 
decrease  in  the  rate  constant  for  bicarbonate  effiux. 
This seems to rule out residual carbonic anhydrase or 
[14C]H2C03  flux, but leaves the possibility of other un- 
identified catalytic activity. The fraction of 14C effiux af- 
ter  maximum  irreversible  and  reversible  inhibition, 
however, amounts to  <0.5%  of the efflux of 14C from 
control ghosts, so the effiux of [14C]HCO3  overwhelm- 
ingly predominates. 3 
Temperature Dependence of Unidirectional Bicarbonate Efflux 
An Arrhenius plot (Fig.  3)  of HCO.~ transport shows a 
decreasing slope as  temperature  is  raised.  This result, 
like  similar  data  for  CI-,  Br-,  and  F-  (Brahm,  1977; 
Wieth  and  Brahm,  1985),  indicates  that  the  tempera- 
ture  dependence  is  not  constant  in  the  temperature 
range  0-38°C.  Qualitatively,  the  temperature  depen- 
dencies for C1-  and  HCO.~  (Brahm,  1977; Fig.  3)  are 
~It should be noted that the control experiments, which showed that 
loss of CO2 to the atmosphere is insignificant during all experimental 
procedures, do not fully apply to the studies of residual tracer effiux 
after DIDS inhibition. When bicarbonate effiux is inhibited by DIDS, 
a  larger fraction of t4CO2 (compared to control conditions)  leaves 
the cells. The excess 14C02 in the effiux medium will be converted to 
[14C]HCO3 with a half time of 3.6 s. Hence, the fraction of 14CO2 in 
the effiux medium under these conditions is higher than under the 
test conditions,  and  probably more  14C02  is  released  to  the  atmo- 
sphere under these conditions especially at lower pH values.  How- 
ever, in all effiux experiments in this study semilog plots of tracer ef- 
flux were strictly linear with correlation coefficients  >0.99  support- 
ing the conclusion that loss of radioactivity to the atmosphere was not 
a major problem in any of the experiments. 
similar, but they differ quantitatively: with  C (il  =  C '°)  = 
165  mM,  unidirectional  CI- effiux at 0°C is  0.28-0.29 
nmol  cm  -2  s -1  (Brahm,  1977;  Gasbjerg  and  Brahm, 
1991) while HCO.~ is 0.42 nmol cm  -2 s -1  (Gasbjerg and 
Brahm, 1991). At 38°C C1- efflux increases ~200 times 
to  48-55  nmol  cm  2 s-l  (Brahm,  1977;  Knauf et  al., 
1996)  and HCO.~ only ~75 times to 31  nmol cm  -2 s -1 
(Fig.  4).  The  unidirectional  fluxes  of C1-  and  HCOg 
are the same around 22°C. 
When the Arrhenius plots for C1  , Br-, and F- were 
fitted  to two intersecting regression lines,  the  "break" 
in the lines occurred at different temperatures for C1- 
(15°C) and Br- and F- (23-25°C), but at the same "crit- 
ical"  turnover  number  of ~4  ×  109  ions  cell  l  s-1 
(Brahm,  1977; Wieth and Brahm,  1985). The fact that 
the break occurs at different temperatures for different 
anions  indicates  that  the  nonlinear  temperature  de- 
pendence  is  not  related  to  a  phase  transition  in  the 
membrane,  which would occur at  the  same  tempera- 
ture  regardless  of the  anion  substrate.  If two  straight 
lines are used to fit the Arrhenius plot for HCO.~ trans- 
port  (Fig.  3),  they  intersect  around  13°C.  Thus,  for 
monovalent anions, the break temperature ranges from 
13 to 25°C, supporting the concept that the nonlinear 
temperature  dependence of anion transport is not re- 
lated to a phase transition in the membrane. The turn- 
over number for HCO~ transport at  13°C is ~-,4 ×  109 
ions cell -l  s -l, similar to the critical  turnover number 
for CI-, Br  , and F-. 
Ions such as iodide, salicylate, and thiocyanate, which 
never reach the critical turnover number, show a  con- 
stant apparent activation energy (Dalmark and Wieth, 
1972). The divalent anion sulfate showed a decrease in 
the  apparent  Arrhenius  activation  energy when  tem- 
perature is raised above 30°C (Glibowicka et al.,  1988), 
but  the  critical  turnover number for sulfate  was  only 
~7 X  106 ions cell -1 s -l, 500-600 times lower than that 
for chloride.  Similar activation  energy changes at low 
critical turnover numbers have also been seen with other 
"nonspherical"  anions,  such  as  phosphate,  phosphite, 
and even hypophosphite, a monovalent anion (Galanter 
and Labotka,  1980).4 Galanter and Labotka suggested 
that the difference between these ions and the halides 
might be related to the shape  (spherical or nonspheri- 
cal)  and  chemical nature  (with  or without oxygen at- 
oms) of the anions. According to this hypothesis, bicar- 
4Interpretation of these data is complicated by the fact that transport 
was measured by heteroexchange experiments in media with some 
C1  , at concentrations of the oxyanions that were not saturating in all 
cases. This, together with the effects of pH on the titration state of 
some of the anions, means that the turnover numbers are probably 
considerably underestimated and that the measured fluxes may not 
accurately reflect the temperature dependence of the maximum flux 
for each anion. 
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rather than like C1  . The data with HCO.~ thus provide 
evidence against this otherwise attractive explanation. 
Of course, the concept of a critical turnover number 
is not the only explanation for the observed nonlinear- 
ity, because the Arrhenius plot reflects a complex inter- 
play of several factors. Falke et al.  (1985)  have argued 
from ~5C1 and 37C1 NMR data  that anion binding and 
release  are  not the  rate-limiting steps,  even at physio- 
logical temperatures, so the temperature effect on J,~x 
should be determined by the rate constants for anion 
translocation in each direction  (see  Glibowicka et al., 
1988; Gasbjerg and Brahm, 1991). However, in our ex- 
periments Jqf with  C (i) =  C (°) =  165 mM KHCO3, rather 
than J~x, was measured.  For HCOL the combined ef- 
fect of incomplete saturation and self inhibition at C (i) = 
165 mM results in an unidirectional flux that is ~65% 
of ~x  at 0°C  (Gasbjerg and Brahm,  1991)  and ~25% 
of f,,~£x at 38°C. Between 0 and 38°C we anticipate values 
between 25 and 65%, but very little is known about the 
parameters at intermediate temperatures. Thus, the ef- 
fects of varying saturation  and  self inhibition  may ex- 
plain about half of the fourfold difference between the 
measured flux at 38°C and that expected by extrapolat- 
ing the data at 0-10°C. For C1  , at 0°C the flux with 165 
mM KC1 is only 54% of J~fx; because of the uncertainty 
in the values for K~ and K~'/2 at 38°C (Knauf et al., 1996), 
however, Jeff could lie between  21  and 73%  of f,~i~, so 
the effect on the temperature dependence may be neg- 
ligible or as large as that seen for HCO.¢. 
Effects of Temperature on Asymmetry 
To explain the break in the Arrhenius plots for C1- and 
SO4  , Glibowicka et al.  (1988)  began by assuming that 
the  dissociation constants for chloride and for sulfate 
are equal at the two sides of the membrane from 0  to 
60°C. This simplifies  the model so that the asymmetry 
factor is equal to the ratio of the rate constants k and k'. 
They further suggested that the rate is limited by either 
k or k' respectively below or above the break point. On 
the basis of these two assumptions, they calculated that 
the  asymmetry factor  for  chloride  should  be  0.43  at 
0°C, and that it should increase to 3.12 at 38°C. 5 These 
values indicate  that in the low temperature  range one 
rate  constant is  about two to  three  times  higher than 
the other, but at 38°C it is two to three times lower than 
the other. The asymmetry factor at 0°C of 0.43 in their 
study is somewhat higher than previous findings (0.06- 
SThe authors could as well have obtained an asymmetry  factor of 3.12 
at 0°C and of 0.43 at 38°C by assuming that the rate constant for the 
reverse process was rate limiting at the two temperatures. This, how- 
ever, would be inconsistent with observations that A <1 at 0°C, if the 
authors' assumption of equal dissociation constants at the inside and 
outside is valid. 
0.32 with a mean of 0.15, see Knauf and Brahm, 1989). 
An  asymmetry factor  of 3.12  at  38°C  is  exorbitantly 
greater than the values of 0.01-0.11 for chloride (Knauf 
et  al.,  1996)  and  0.10-0.13  for  bicarbonate  in  the 
present study. Hence, at least one of their two assump- 
tions  that  (a)  the  ratio  of the  two  rate  constants  for 
translocation  gives  the  asymmetry factor  and  (b)  the 
change of the ratio with temperature causes the deflec- 
tion in the Arrhenius plot must be incorrect. 
The  observation  that  the  asymmetry factor,  A,  re- 
mains ~1  at both 0 and 38°C could only be reconciled 
with  a  change  in  the  rate-limiting  translocation  step 
(from k to k' or vice versa)  if there were compensating 
changes in the dissociation constants for bicarbonate at 
the inside and outside. We therefore prefer the simpler 
model, in which the rate-limiting translocation step re- 
mains the same.  If this step actually consists of at least 
two  processes  with  different  temperature  dependen- 
cies, the change in activation energy could be explained 
without a  change in the ratio of the translocation rate 
constants.  The  fact that  changes  in  activation  energy 
are  seen  in  heteroexchange  experiments  with  phos- 
phate,  phosphite,  and  hypophosphite  (Galanter  and 
Labotka, 1990), where k' for the particular ion is always 
rate-limiting, supports this alternative. 
Unidirectional Bicarbonate Efflux as a Function of 
pH(o) = pH(i) 
The pH-dependence of bicarbonate transport is more 
complex  than  for  other  monovalent  anions  because 
both the transport protein and the concentration of bi- 
carbonate are affected by changing pH. By shifting pH 
from 7.4 to 9.0 the actual bicarbonate concentration in 
a nominal 165 mM medium changes from ~157 mM at 
pH 7.4 through its  maximum value of 160 mM at pH 
7.95 to 139 mM at pH 9.0. Because the bicarbonate flux 
is  nearly independent  of concentration near  165  mM 
(Fig. 5 D), desaturation of the transport system should 
not have  a  noticeable  effect on the  unidirectional  ef- 
flux. The ~10-fold increase in carbonate concentration 
might contribute to the observed flux decrease at pH 9, 
because  carbonate  may have  a  significant  affinity for 
the  transport site  and/or  the  modifier inhibitory site 
and,  therefore,  may  inhibit  the  unidirectional  bicar- 
bonate effiux.  However, the pH dependence of bicar- 
bonate transport in ghosts at 38°C in the present study 
is similar to that for chloride transport in ghosts at 38°C 
(Brahm,  1977;  Fig.  4),  suggesting that the  pH depen- 
dence of bicarbonate transport at pH 7.4-9.0 is domi- 
nated by a direct pH effect on the transport protein. 
External,  Internal,  and Overall Apparent Affinity 
to Bicarbonate 
The  ping-pong model  for anion  transport  across  the 
red cell membrane provides a useful description of the 
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ate  self-exchange  at  0°C  (Gunn  and  Fr6hlich,  1979; 
Gasbjerg  and  Brahm,  1991).  In  the  present  study  at 
38°C we used  the  same  two strategies  as Gasbjerg  and 
Brahm  (1991)  at 0°C.  First, we used the modified ping 
pong  model  (MS-fit  whenever  C (i)  was varied;  MM-fit 
when only  C  (°) was varied)  to characterize the concen- 
tration dependence  of J~-over the whole experimental 
concentration  range  (Fig.  5,  A-D).  Alternately,  we re- 
stricted the range of C (i) to <200 mM and used the sim- 
ple  ping  pong  model  without  the  modifier  site  (MM- 
fit)  to  describe  the  concentration  dependence  in  all 
four  experimental  series.  Tables  I  and  II  respectively 
show the  results  of the fitting  procedure  with  the  two 
models.  In  each  case, we used  the  fitted  flux  parame- 
ters for the data in Fig. 5, B and D to predict the param- 
eters for the experiments shown in Fig. 5, A and C.  (For 
details  of  the  calculations,  see  Fr6hlich  and  Gunn 
[1986]  or Gasbjerg and Brahm  [1991].) 
The much smaller deviations between predictions and 
experiments  in  Table  I  as  compared  to Table  II  show 
that the modified ping poug model provides a more in- 
ternally consistent description of the experimental data, 
The simple ping pong model  (Table II) fails to account 
for the decrease in K192 from 10 to 3.8 mM when  C (i) is 
TABLE  I 
Kinetic Parameters for Bicarbonate Transpart at pH 7. 8, 38 °C 
Modified Ping Pong Model (Self Inhibition Included) 
Parameter  Unit  Experimental  Calculated  % dev. 
K~/2(165)  mM  10  --  -- 
K~/2  mM  173  --  -- 
KI  mM  172  --  -- 
f,],~,~  nmol  cm - z s - i  122  --  -- 
A  --  --  0.13  -- 
f,~(165)  nmol cm  2 S-1  63*  63  0 
K'}/2(50  )  mM  3.8  4.9  29 
J~;~(5o)  nmol CITI 2 S-I  25*  30  20 
KiU2(50)  mM  116  110  5 
J~l~'x(50  )  nmol crrl  2 S-I  92  87  5 
*Corrected for self inhibition. Four experimentally obtained parameters 
were  nsed  as  input  to  the  modified  ping  pong  model.  The  model  only 
needs two half saturation constants for a calculation of any other half satu- 
ration constant (if obtained from asymmetric series, the fixed concentra- 
tions of course must be different). As input values we chose K'}/2 (obtained 
for C "~ =  165 mM,  C("~ varied:  K')/2  ( 165 ) )  and K)/2. The third input param- 
eter is K/  that  accounts for self inhibition.  We chose  KI  =  172  mM  ob- 
tained  in the symmetric series. As we know the asymmetry factor and one 
asymmetric  half saturation constant (which may also be one of the half sat- 
uration constants  used  to calculate  A,  e.g.  K'}/2(165)) we only need  one 
J~!!,~  value  to  calculate  the  f/,,],,~ value  under  any other  conditions.  We 
chose  J~,'~. In the lower five  rows we compare  experimentally obtained 
flux parameters with those calculated by using the input parameters and 
the modified  ping pong model. The last column shows the deviation of 
the calculated parameters  (%dev.  =  100  [ (experimental  -  calcnlated)[  / 
experimental). 
TABLE  II 
Kinetic Parameters for Bicarbonate Transport at pH 7. 8, 38°C 
Simple Ping Pong Model (No Self Inhibition) 
Parameter  Unit  Experimental  Calculated  % dev. 
K~/2(165)  mM  10  --  -- 
K)/2  mM  46  --  -- 
j;{.,~  nmol  cm-'-' s  I  39  --  -- 
A  --  --  0.37  -- 
f,~,!'(165)  nmol cm  '-' s-1  32  32  0 
K~/2(50)  mM  3.8  7.4  95 
J~/,,f;,'~(50)  nmol  cm -~ s  i  20  23  15 
K'1/2(50)  m M  13  27  107 
J~,l!~l,(50  )  nmol cm  ~ s -~  26  31  19 
The strategy of Table I was also used in Table lI except that self inhibition 
was ignored, and therefore K  l was not included in the calculations. 
lowered from 165 to 50 mM. It should be noted that we 
used the calculated  1(//2  to determine  the expected val- 
ues of the half saturation constant when  C (ij =  50  raM, 
1(?/2(50). The observed MM-fit KI/2  (13 mM, for C (i~ <  200 
raM)  predicts an even smaller effect of C (i) on K?/2, con- 
firming that the model without modifier site inhibition 
is  inconsistent with  the  experimental  values.  This  con- 
trasts with the situation at 0°C, where a simple ping-pong 
model provided a self-consistent result for a limited chlo- 
ride  concentration  range.  At  38°C,  the  modified  ping- 
pong model is required to give consistent results even at 
low C1- concentrations in the physiological range. 
Effect of Transport Site Conformation  on Modifier 
Site Inhibition 
The simple  ping-pong model predicts  that when  C (~) is 
kept  constant  and  C (°)  is  varied,  ~,f,f,x/KP/2  should  be 
constant.  If internal  bicarbonate  can  only bind  to the 
modifier site when the transport site faces inward, the 
same  relationship  is  observed  for  the  extended  ping- 
pong model with modifier site inhibition  because  the 
self-inhibition  affects  ~x  and  KP/2 to exactly  the same 
extent.  If, on the other hand, bicarbonate can bind to 
the modifier site regardless of the conformation of the 
transport site, this leaves Kg2 unaffected, but causes ~ffx 
to be divided by  (1  +  C(i)/KI).  Thus, .f~x/Kf/2  will only 
be constant if f~ffx is multiplied by this factor. Table III 
TABLE  III 
The Fffect of Self lnhibition  on ~,~°/IQ/2 
f,~,'~./K')/2 (-104 cm  s -l) 
Corrected  Not correc~d 
C"~(mM)  forsel~inhibition  (with sel~inhibition) 
165  63  32 
50  68  53 
573  GASBJERG  ET  AL. shows that f~o~/K?/2  is the same at two different internal 
bicarbonate  concentrations  only  if this  factor  is  taken 
into  account.  Thus,  within  the framework  of the ping- 
pong  model,  which  provides a  self-consistent  interpre- 
tation  of the rest of the bicarbonate  data,  the f~x/KP/2 
data  provide  evidence  that  the  conformation  of  the 
transport  site  does not  affect  the ability of bicarbonate 
to bind  to  the  modifier  site. An  implication  of the  MS 
ping-pong  model,  therefore,  is that f~x/Kl°/2  data must 
be corrected  for self-inhibition; otherwise a variation in 
Je~x/KP/2  with  Cri~ will be observed, in  apparent  contra- 
diction to the predictions  of the ping-pong  model. 
Concluding Remarks 
The  present  study  demonstrates  that  bicarbonate  ex- 
change  mediated  by the  anion  transport  system  in  hu- 
man  red  blood  cells  can  be  studied  at  physiological 
temperatures  and  near  physiological  pH.  Only  when 
the  kinetics  include  self-inhibition  by  internal  bicar- 
bonate  is  a  self-consistent  fit  to  the  ping-pong  model 
obtained.  The  asymmetric  distribution  of  unloaded 
transport  sites is similar to  that seen  at 0°C.  The  asym- 
metry is also similar to that seen at 38°C with C1- as sub- 
strate  in  the  following  paper  (Knauf,  et  al.,  1996),  as 
predicted  by the ping-pong  model. 
The technical assistance of Mrs. Lise MikkeIsen, Miss Kirstine Jacobsen, and Mrs. Birgitte D. Olsen is gratefully acknowledged. 
P.  Gasbjerg was the recipient of research grants from the Faculty of Natural Sciences, University of Copenhagen and The 
Weimann Foundation. J. Brahm was the recipient of an Alfred Benzon Senior Investigator Fellowship. P. Knauf was supported 
by a Fogarty Senior International Fellowship (TW00975)  from the U.S. Public Health Service and by the National Institutes of 
Health  (NIDDK)  through grant DK27495. Financial support from these sources, as well as that from NOVO's Fond and The 
Danish Medical Research Council, is gratefully acknowledged. 
Original version received 18 August 1995 and accepted version received 16 September 1996. 
REFERENCES 
Bjerrum, P. 1992. The human erythrocyte anion transport protein, 
band 3. Characterization of exofacial alkaline titratable groups in- 
volved in anion binding/translocation.J. Gen. Physiol. 100:301-339. 
Brahm,J. 1977. Temperature-dependent changes of chloride trans- 
port kinetics in human red cells.J. Gen. Physiol. 70:283-306. 
Brahm, J.  1989. Transport measurement of anions, nonelectrolytes 
and water in red blood cell and ghost systems. In Methods in En- 
zymology. B. Fleischer and S. Fleischer, editors. Academic Press, 
New York. 160-175. 
Dalmark, M.  1976. Effects of halides and bicarbonate on chloride 
transport in human red blood cells.J. Gen. Physiol. 67:223-234. 
Dalmark,  M.,  and J.O. Wieth.  1972. Temperature dependence of 
chloride,  bromide,  iodide,  thiocyanate, and  salicylate transport 
in human red cells.J. Physiol.  (Lond.). 244:583-610. 
Fairbanks,  G.L.,  T.L.  Steck,  and  D.F.H.  Wallach.  1971.  Electro- 
phoretic analysis of the major polypeptides of the human eryth- 
rocyte membrane. Biochemistry.  10:2606-2617. 
Falke,J.|., KJ. Kanes, and S.I. Chan. 1985. The kinetic equation for 
the  chloride  transport  cycle  of band  3.  A 35C1 and  37C1 NMR 
study. J. Biol.  Chem. 260:9545-9551. 
Falke, J.J., R.J. Pace, and S.I. Chart.  1984.  Chloride binding to the 
anion transport binding sites of band 3. A 35C1 NMR study. J. Biol. 
Chem. 259:6472-6480. 
Fr6hlich, O.  1984.  Relative contributions of the slippage and tun- 
nelling mechanisms  to  anion  net  effiux  from  human  erythro- 
cytes. J. Gen. Physiol. 84:877-893. 
Fr6hlich,  O.,  and  R.B.  Gunn.  1986.  Erythrocyte anion  transport: 
the kinetics of a single-site obligatory exchange system. Biochim. 
Biophys. Acta. 864:169-194. 
Funder, J.,  and j.o.  Wieth.  1976.  Chloride  transport  in  human 
erythrocytes  and  ghosts:  A  quantitative  comparison. J.  Physiol. 
(Lond. ). 262:679-698. 
Gasbjerg,  P.K.,  and J.  Brahm.  1991.  Kinetics  of bicarbonate  and 
chloride transport in human red cell membranes. J.  Gen. Physiol. 
97:321-349. 
Gasbjerg, P.K., J.  Funder, and j.  Brahm.  1993.  Kinetics of residual 
574  Bicarbonate  Transport at 38°C 
chloride transport in human red blood cells after maximum co- 
valent 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid binding. J. 
Gen. Physiol.  101:715-732. 
Glibowicka, M.,  B. Winckler,  N.  Aranfbar,  M.  Schuster,  H.  Hans- 
sum,  H.  Rfiterjans,  and  H.  Passow.  1988.  Temperature  depen- 
dence of anion  transport in the human red blood ceil. Biochim. 
Biophys. Acta. 946:345-358. 
Gunn,  R.B.,  M.  Dalmark,  D.C.  Tosteson,  and J.O.  Wieth.  1973. 
Characteristics of chloride transport in human red blood cells.J. 
Gen. Physiol. 61:185-206. 
Gunn, R.B., and O. Fr6hlich.  1979. Asymmetry in the mechanism 
for anion  exchange in  human  red  blood cell  membranes: evi- 
dence for reciprocating sites that react with one transported an- 
ion at a time. J.  Gen. Physiol. 74:351-374. 
Harned,  H.S., and  F.T.  Bonner.  1945.  The first ionization  of car- 
bonic acid in aqueous solutions of sodium chloride.J. Am.  Chem. 
Soc. 67:1026-1031. 
Harned, H.S., and S.R. Scholes,Jr. 1941. The ionization constant of 
HCO3- from 0 to 50°C. J. Am.  Chem. Soc. 63:1706-1709. 
Hautmann, M., and K.F. Schnelt. 1985. Concentration dependence 
of the chloride self exchange and homoexchange fluxes in hu- 
man red ceil ghosts. Pflueg. Archiv. 405:193--201. 
Hunter,  M.J. 1977.  Human erythrocyte anion permeabilities mea- 
sured under conditions of net charge transfer. J. Physiol.  (Lond.). 
268:35-49. 
Knauf, P.A.  1986. Anion transport in erythrocytes. In Physiology of 
Membrane Disorders. T.E. Andreoli, J.F. Hoffmann, D.D. Fanes- 
til, and S.G Schultz, editors. Plenum Press, New York. 191-220. 
Knauf, P.A., and J.  Brahm.  1989.  Functional asymmetry of the an- 
ion exchange protein, capnophorin: Effects on substrate and in- 
hibitor binding. In Methods in Enzymology. B. Fleischer and S. 
Fleischer, editors. Academic Press, New York. 432-453. 
Knauf,  P.A.,  P.  Gasbjerg, and J.  Brahm.  1996.  The  asymmetry of 
chloride transport at 38°C in human red blood cell membranes. 
J. Gen. Physiol. 108:577-589. 
Knauf, P.A., F.-Y. Law, T. Tarshis, and W. Furuya.  1984.  Effects of the transport site conformation on the binding of external NAP- 
taurine  to  the human erythrocyte  anion exchange system: evi- 
dence for intrinsic asymmetry.J. Gen. Physiol.  83:683-701. 
Knauf, P.A., and N. Mann. 1986. Location of the chloride self-inhibi- 
tory site of the human erythrocyte anion exchange system. Am. J. 
PhysioL  251:C1-C9. 
Kopito, R.R.,  1990. Molecular biology of the anion exchanger gene 
family. Int. Rev. Cytol. 123:177-199. 
Magid, E. 1970. Om human erythrocyt~er kulsyre anhydrase. Disser- 
tation. E. Magid, Denmark. 1-92. 
Magid, E., and B.O. Turbeck.  1968. The rates of the spontaneous 
hydration of CO2 and the reciprocal reaction in neutral aqueous 
solutions between 0 ° and 38  °. Biochim. Biophys.  Acta. 165:515-524, 
Passow, H. 1986. Molecular aspects of the band 3 protein-mediated 
anion transport across the red blood cell membrane. Rev. Physiol. 
Biochem.  Pharmacol. 103:61-203. 
Tanner,  M.J.A.,  P.G.  Martin,  and  S.  High.  1988.  The  complete 
amino acid sequence of the human erythrocyte membrane an- 
ion-transport protein  deduced  from  the  cDNA  sequence.  Bio- 
chem. J. 256:703-712. 
Wieth, J.O.  1979.  Bicarbonate exchange through the human red 
cell  membrane  determined  with  [I4C]  bicarbonate. J.  Physiol. 
(Lond. ). 294:521-539. 
Wieth, J.O.,  O.S. Andersen, J. Brahm, P.J.  Bjerrum, and C.L.  Bor- 
ders, Jr., 1982. Chloride-bicarbonate exchange in red blood cells: 
physiology of transport and chemical modification  of binding 
sites. Philos.  Trans. R. Soc. Lond. B. 299:383-399. 
Wieth,J.O., and P.J. Bjerrum. 1983. Transport and modifier sites in 
capnophorin,  the  anion  transport  protein  of  the  erythrocyte 
membrane. In Structure and Function of Membrane Proteins. E. 
Quagliariello and F. Palmieri, editors. Elsevier, Amsterdam. 95- 
106. 
Wieth,J,O., andJ. Brahm. 1980. Kinetics of bicarbonate exchange 
in  human  red  cells.  Physiological  implications.  In  Membrane 
Transport in Erythrocytes. Alfred Benzon Symposium 14. U. Las- 
sen, H.H.  Ussing, and J.O. Wieth, editors. Munksgaard, Copen- 
hagen. 467-487. 
Wieth, J.O., andJ. Brahm. 1985. Cellular anion exchange. In The 
Kidney: Physiology and Pathology. D.W. Seldin and G. Giebisch, 
editors. Raven Press, New York. 49-89. 
575  GASBJERG ET AL. 